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OPTIMIZATION OF DESIGN OF SPACE EXPERIMENTS 
FRO4 THE STANDPOINT OF DATA PROCESSING 
NASA Grant 
NGR 05-003-143 
1. OBJECTIVES AND INTRODUCTION 
The fundamental ob jec t ive  of t h i s  g ran t  t o  s tudy how d a t a  process ing  
cons idera t ions  should inf luence  the  design and execut ion of an experiment 
c a r r i e d  o u t  onboard a spacec ra f t .  During the  f i r s t  year, t he  bulk 
of t h e  e f f o r t  w a s  spent  s tudying t h e  encoding of p a r t i c l e  count d a t a ,  
wi th  t h e  goa l  of reducing the  te lemetry ra te  requi red  t o  convey t h e  
r a w  d a t a  t o  the  ground. P a r t i c l e  count da t a  w e r e  s e l e c t e d  because 
they  are encountered i n  many experiments and because records of high- 
ra te  p a r t i c l e  count d a t a  w e r e  e a s i l y  access ib l e  wi th in  t h e  labora tory .  
The  end r e s u l t  of t h i s  phase was an e f f i c i e n t  code, s u i t a b l e  f o r  implementa- 
t i o n  on an onboard computer of moderate s i z e ;  t h i s  work WF.S repor ted  
i n  d e t a i l  ear l ier .  
The second phase of work (begun i n  March 1967) s h i f t e d  a t t e n t i o n  
t o  cons idera t ion  of computational problems. We w e r e  l ed  i n  t h i s  d i r e c t i o n  
by two cons idera t ions .  
w a s  implemented by a computer, w e  were l e d  t o  t h e  conclusion t h a t  
a convent ional ,  c en t r a l  a r i t hme t i c  process ing  u n i t  performs many common 
data process ing  algori thms very i n e f f i c i e n t l y .  Secondly, having considered 
e f f i c i e n t  t ransmission of r a w  da ta  t o  t h e  ground, t h e  next  l o g i c a l  
t o p i c  w a s  t o  consider  experiments i n  which the  experimenter w a s  s u f f i c i e n t l y  
f a r  along t h a t  he w a s  f a m i l i a r  with t h e  cha rac t e r  of t he  d a t a  obtained 
and w a s  w i l l i n g  t o  do some of the i n i t i a l  d a t a  process ing  onboard. Thus only 
a s m a l l  amount of reduced d a t a  would need be t r ansmi t t ed  t o  the  ground. 
Consul ta t ion  wi th  experimenters i nd ica t ed  t h a t  i t  would be d e s i r a b l e  
F i r s t ,  i n  s tudying how t h e  encoding algorithm’ 
t o  be capable of doing c o r r e l a t i o n  a n a l y s i s ,  sonogram a n a l y s i s ,  and 
s p e c t r a l  ex t imat ion  a n a l v s i s  onboard. The second d v s e  of our  work was 
thus  concerned with the  computational aspcc ts  of onhoard da ta  processing.  
c ’c \n t r ; \ l  i n  tliis s tudy  has  been thc  design and cons t ruc t ion  of an a r r ay  
processor .  This phase of work w i l l  continue throuqh the summt’r of 1968. 
This  work i s  descr ibed i n  more d e t a i l  i n  Sec t ions  2-a and 3-2 .  
' 
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c e n t r a l  i n  sonogram, 
c o r r e l a t i o n ,  and s p e c t r a l  
ana 1 y s i s  
I n  t h e  phases of work descr ibed thus  -dr, no cons ide ra t ion  has  
been given t o  v i s u a l  d a t a  ( o r ,  more gene ra l ly ,  d a t a  form a two-dimensional 
f i e l d ,  as i n  i.r. o r  radar  scan over a given s o l i d  a n g l e ) .  This w a s  
because t h e r e  are some inhe ren t  complexities i n  the  two-dimensional 
na ture  of such d a t a  and i n  t h e  sub jec t ive  i n t e r p r e t a t i o n  of v i s u a l  da t a .  
However, v i s u a l  da t a  comprises the l i o n ' s  sha re  of raw d a t a  c o l l e c t e d  
onboard many spacec ra f t ,  and t h e  problems a s soc ia t ed  with process ing  
d a t a  from a two-dimensional f i e l d  w i l l  constiLzlte t h e  t h i r d  phase of 
t h e  p r o j e c t .  Work i n  t h i s  area is  j u s t  beginnins  and w i l l  cont inue 
through t h e  foreseeable  f u t u r e ;  p ro j ec t ed  a reas  of endeavor are descr ibed  
i n  Sec t ions  3-b and 3-d. 
Throughout a l l  phases of the work an at tempt  has  been made t o  view 
t h e  problem of spacec ra f t  d a t a  processing i n  t h e  contex t  of Shannon's 
source encoding theory.  This has r e s u l t e d  i n  a number of p i eces  of 
t h e o r e t i c a l  work aimed a t  extending t h e  theory ,  bu i l t -up  €or  Shannon's 
i d e a l i z e d  model, t o  t h e  s i t u a t i o n s  encountered i n  space experimentation. 
P a s t  work i n  t h i s  area is  descr ibed i n  t h e  pub l i ca t ions ;  cont inuing work 
is  descr ibed i n  Sec t ions  2-b and 2-c.  
2. CONTINUING WORK 
a. The Berkeley Array Processor 
For t h e  reasons descr ibed i n  Sec t ion  1, it  w a s  decided t h a t  w e  
should consider  t h e  problems assoc ia ted  with onboard computation of t he  
fol lowing da ta  processing algorithms: 
i n n e r  product  
mat r ix  mul t ip l i ca t ion  
c o r r e l a t i o n  
convolution ( t i m e  domain 
f i l t e r i n g )  
s ta te -space  f i l t e r i n g  
f a s t  f o u r i e r  transform 
(Cooley-Tukey algori thm) 
c e n t r a l  i n  t h e  encoding 
algori thm of [ I 1 
i ,  . 
i . 4 
All of t h e s e  algori thms involve computation of one o r  more sums of t h e  
form 
N 
w = L u v  
n= 1 n n  
We were p a r t i c u l a r l y  concerned with t h e  f a c t  t h a t  eva lua t ion  of such 
a sum on a convent ional  C.P.U. i s  very i n e f f i c i e n t .  I n  p a r t i c u l a r ,  
eva lua t ion  of t h e  above sum on an IBM 1800 computer (comparable i n  v s r d s i z e  
and speed t o  p ro jec t ed  onboard computers) r equ i r e s  around 42 usec p e r  n ,  of 
which only 11-1/2 psecs are spent  on a r i t hme t i c  opera t ions  (11 on 
m u l t i p l i c a t i o n  and 1/2 on a d d i t i o n ) .  The remainder of the  time i s  spen t  
on : 
accessing the operands u and v 
s h u f f l i n g  t h e  pa r t i a l  sum back and f o r t h  from memory 
n n 
t o  t h e  a r i t h m e t i c  u n i t  
modifying t h e  address  i n s t r u c t i o n s  f o r  f e t c h i n g  t h e  
operands . 
I t  seemed t o  us  t h a t  t h i s  operat ion could be g r e a t l y  speeded up by design 
of an arithmetic u n i t  incorpora t ing  t h e  fol lowing f e a t u r e s :  
a sepa ra t e  r e g i s t e r  t o  s t o r e  the  output  of t h e  adder;  
t h i s  e l imina tes  t h e  s h u f f l i n g  of t h e  p a r t i a l  sum 
between t h e  memory and a r i thme t i c  u n i t .  
a mode of opera t ion  t h a t  allows t h e  operands u and n 
v t o  be fe tched  s e q u e n t i a l l y  from s to rage ;  f e t c h i n g  
should be c a r r i e d  o u t  s imultaneously wi th  t h e  
performance of a r i t hme t i c  opera t ions  and should r e q u i r e  
only an i n i t i a l  and a te rmina l  i n s t r u c t i o n .  
n 
f e t c h i n g  
a f a s t  m u l t i p l i e r ,  t o  allow t h e  above s e q u e n t i a l  
f e t ch ing  t o  proceed a t  a r a t e  of one f e t c h  p e r  ccre 
cycle and t o  allow decreased a r i t h m e t i c  t i m e .  
A n  a r ray  processor  embodying these  f e a t u r e s  has been desiqncd and cons t ruc ted  
t o  w o r k  as a pe r iphe ra l  t o  the IBM 1800; it is shown i n  block diagram 
form i n  Fig.  1. I t  should provide a speed up i n  comDutation t i m e  over 
t h e  1800 C.P.U.  of 10-20 t o  1 f o r  t he  d a t a  processing algori thms l i s t e d  
above. The processor  in te rconnec t ions  a r e  programmable t o  allow t h e i r  
use i n  computing a w i d e  va r i e ty  of a lgori thms.  
. 
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Construct ion of t h i s  a r ray  processor  requi red  equipment expendi tures  
from the g ran t  of j u s t  under $10,000. I t  is f e l t  t h a t  t h i s  expendi ture  
w a s  j u s t i f i e d  i n  t h e  l i g h t  of the fol lowing ob jec t ives :  
I t  w a s  des i r ed  t o  demonstrate t o  NASA v i a  a working example 
t h a t  conventional C.P.U. designs a r e  badly inappropr i a t e  
f o r  onboard computers t h a t  a r e  intended t o  c a r r y  o u t  
d a t a  processing.  
By programming algorithms t o  run on the  a r r ay  p r o c e s s x ,  
w e  can obta in  r e a l i s t i c  e s t ima tes  of t he  cornout-ation t imes 
and s to rage  requirements of t hese  algori thms;  t h i s  w i l l  be 
a use fu l  guide i n  developing processing algori thms t h a t  
are p r a c t i c a l  as w e l l  a s  t h e o r e t i c a l l y  sound. 
The p r i n c i p a l  i n v e s t i g a t o r s  on the  p r o j e c t  have backgrounds 
i n  information theory or physics;  i t  w a s  f e l t  t h a t  involve- 
ment i n  t h i s  p r o j e c t  would be use fu l  making us more f u l l y  
cognizant and s e n s i t i v e  t o  computational problems. 
Construct ion of t h e  a r r ay  processor  has  been completed, and debugging i s  
now i n  progress .  The evaluat ion of t h e  processor  c a p a b i l i t i e s  w i l l  be 
c a r r i e d  o u t  t h i s  summer; t h i s  program is  descr ibed  b r i e f l y  i n  Sec t ion  3-a. 
A t  the completion of t h i s  s tage ,  a sepa ra t e  r e p o r t  w i l l  be w r i t t e n  t h a t  
desc r ibes  f u l l y  t h e  s t r u c t u r e  and c a p a b i l i t i e s  of t he  processor .  
b.  E f f e c t  of Instrument Dynamics and Noise on the  R a t e  D i s t o r t i o n  
Function of Gaussian Sources 
A s i t u a t i o n  common i n  space experimentation i s  t h e  measurement of 
an information bear ing  s i g n a l  by an instrument  with dynamic l i m i t a t i o n s .  
If t h e  measurement is a l s o  corrupted by add i t ive  no i se ,  w e  have the  s i t u a t i o n  
represented  i n  Fig.  2.  
The process  M ( t )  i s  t h e  measured s i g n a l ,  and w e  would l i k e  t o  
% 
obtain on the  ground, i n  Z ( t ) ,  an acceptable  approximation t o  t h e  s i g n a l  
Z ( t )  . Assuming t h a t  t h e  te lemetry l i n k  in t roduces  n e g l i g i b l e  e r r o r s ,  then  
t o  each value of average d i s t o r t i o n  i n  t h e  reproduction of Z ( t )  t h e r e  is a 
corresponding minimum required ra te  i n  t h e  te lemetry l i n k .  An express ion  
f o r  t h i s  r a t e  d i s t o r t i o n  funct ion under a f recruency wci crhted mean-square 
c l i s t n r t i  on  ni~~\cwiirc~ has been obtained. 
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W e  t a k e  t h e  d i s t o r t i o n  measure f o r  a t i m e  i n t e r v a l  1 of du ra t ion  
T 
T sec seconds t o  be 
2 'L 
D = E 1 { J I 1 a ( t  - u )  [Z(u)  - Z ( u ) l  du I d t  
T I T  
A+ T I  
i n  which a ( t )  denotes  t h e  impulse response corresponding t o  a frequency 
weighting ope ra to r  A ( f )  . 
We take  t h e  process  Z ( t )  and N(t) t o  be gaussian processes. 
The minimum rate R required i n  t h e  te lemet ry  l i n k  under these  condi t ions  
A ,  Im 
has been determined. 'If t h e  processes Z ( t )  and N ( t )  arc. s t a t i o n a r y  and 
i f  t h e  t i m e  du ra t ion  T becomes very l a r g e ,  T -f a, t h e  r e s u l t s  t ake  t h e  
fol lowing form. 
the  corresponding minimum poss ib l e  ra te  i s  given by; 
i n  which E(U) is t h e  range of f requencies  def ined  by t h e  inequa l i ty  
2, 
and E(p) is  i t s  complement. Thus t h e  ra te  d i s t o r t i o n  funct ion is  determined 
pa rame t r i ca l ly  as a func t ion  of 1-I. 
impl ica t ions  of t hese  r e s u l t s  a r e  now under s tudy.  I n  p a r t i c u l a r ,  it i s  
of i n t e r e s t  t o  determine how t h e  rate d i s t o r t i o n  func t ion  i s  a f f e c t e d  by 
t h e  r e l a t i v e  bandwidths of t h e  instrument  and the  information-bearing 
s i g n a l s .  
and the r e s u l t s  w i l l  be submitteq t o  the  TE,l;l: ' T ~ ~ Q I ~ ; ~ ~ ~ ,  *L>,L:. 
The i n t e r p r e t a t i o n  and p r a c t i c a l  
Various graphs i l l u s t r a t i n q  these  cons idcra t ions  w i l l  be ob ta ined ,  
rr7.~;,M:icLtjo,I 
:"k!@?y. 
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c. Encoding f o r  a C l a s s  of Sources 
Shannon's source encoding theorem app l i e s  t o  a source whose 
p r o b a b i l i t y  d i s t r i b u t i o n  is completely known t o  t h e  des igner  of tho 
encoder. I n  space experimentation, a much more t y p i c a l  s i t u a t i o n  is 
one i n  which t h e  des igner  has  only vague knowledge of t h e  source character- 
istics or can estimate a few s t a t i s t i c s  of the  source d i s t r i b u t i o n .  
I t  would thus  be d e s i r a b l e  t o  extend t h e  theory t o  the  case i n  which t h e  
encoder must work s a t i s f a c t o r i l y  f o r  any source from aaong a class of 
sources .  Work is  c u r r e n t l y  being carried ou t  i n  t h i s  d i r e c t i o n .  
3 .  PROJECTION OF FUTURE WORK 
a. Evaluat ion of the Berkeley Array Processor  
Once the  Berkeley a r ray  processor  is debugged, w e  w i l l  begin 
an ex tens ive  e f f o r t  to  eva lua te  i ts  c a p a b i l i t i e s .  Fo r t r an  rou t ines  
for c a l l i n g ,  loading, and con t ro l l i ng  t h e  processor  by t h e  1800 Computer 
are now being w r i t t e n  f o r  each of t h e  s i x  a lgori thms l i s t e d  i n  Sec t ion  2-a. 
When t h e  processor  and t h e  programs are ready, a t iming s tudy of t h e  
algori thms w i l l  be made. 
d i f f e r e n t  ways i n  which these algorithms can be combined t o  perform 
such d a t a  process ing  t a s k s  as sonogram and s p e c t r a l  ana lys i s  ( e .g . ,  
should es t imat ion  of s p e c t r a l  d e n s i t i e s  be done by d i g i t a l  f i l t e r i n g ,  
squaring,  and smoothing, o r  f a s t  f o u r i e r  t ransformat ion ,  squar ing ,  and 
smoothing). 
a r r a y  processor .  
Further s tudy w i l l  then  be made t o  determine t h e  
This s tudy  w i l l  be embodied i n  a r e p o r t  desc r ib ing  t h e  
b. Construct ion of a Visual Display 
W e  regard f ind ing  a s u i t a b l e  d i s t o r t i o n  measure f o r  v i s u a l  data 
t o  be one of t h e  most important t a s k s  t o  be undertaken a t  t h e  o u t s e t  
of any work i n  t h e  encoding of v i s u a l  da t a .  To s tudy t h i s ,  w e  w i l l  
need t o  be able t o  c o r r e l a t e  d i f f e r e n t  numerical d i s t o r t i o n  measures 
w i t h  sub jec t ive  observat ions.  P i c t u r e s  can be obtained from J P L  on 
magnetic t ape  and inputed  t o  the computer f o r  processing i n  t h i s  manner. 
However, sub jec t ive  comparison w i l l  r equ i r e  some s o r t  of d i sp l ay  u n i t .  
We are cu r ren t ly  i n  t h e  process of designing a 5-inch CRT d i sp lay  with 
500 l i n e  r e so lu t ion .  I t  is an t i c ipa t ed  t h a t  t h e  equipment and personnel  f o r  
this p r o j e c t  can be obta ined  from non-grant sources .  T h i s  d i sp l ay  should 
be ready by midsummer; s tudy of d i f f e r e n t  d i s t o r t i o n  measures w i l l  commence 
a t  t h a t  t i m e .  
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c. Theore t ica l  Study of the Encoding of Visual  Data 
I n  m o s t  of t he  cu r ren t  work on t h e  source encoding o r  "da ta  
compression'' of v i s u a l  d a t a  sources ,  t h e  da t a  a r e  obtained i n  a l i n e  
by l i n e  scan and encoded as an ordinary time s e r i e s .  This approach, 
motivated by p r a c t i c a l  cons idera t ions ,  does not take advantage of t h e  
two-dimensional s t r u c t u r e  of v i sua l  da ta .  O t P - e r  scanning methods o r  
q u i t e  d i f f e r e n t  da t a  encoding techniques (although poss ib ly  more d i f f i c u l t  
t o  implement) may e x p l o i t  more f u l l y  the  n a t w d  s t r i i c tu re  of the  da t a  
as a two-dimensional random f i e l d .  A quest ion of imuortance t h a t  a r i s e s  
n a t u r a l l y  is  the  determinat ion of t he  t h e o r e t i c a l  limits i n  t he  source 
encoding of v i s u a l  d a t a ,  t h a t  i s  t o  say  the  eva lua t ion  of t h e  r a t e  
d i s t o r t i o n  func t ion  of a two-dimensional random f i e l d .  O n s  of t he  necessary 
steps i n  a thorough d iscuss ion  of t he  rate d i s t o r t i o n  func t ion  a s  it app l i e s  
t o  v i s u a l  da t a  is  the  determination of an a n a l y t i c  d i s t o r t i o n  measure 
t h a t  matches t o  a reasonable ex ten t  t he  degree of viewer s a t i s f a c t i o n  wi th  
t h e  reproduced image. Since the determinat ion of a s a t i s f a c t o r y  d i s t o r t i o n  
measure is i t s e l f  a major problem t h a t  r equ i r e s  a cons iderable  amount 
of experimentat ion,  we s h a l l ,  a t  l e a s t  f o r  t he  near  f u t u r e ,  s e t  ourse lves  
a more l imi t ed  goal.  W e  s h a l l  undertake the  eva lua t ion  of t he  r a t e  
d i s t o r t i o n  func t ion  under t h e  condi t ions t h a t  appear m o s t  t r a c t a b l e  
a n a l y t i c a l l y  - a weighted mean-square d i s t o r t i o n  measure and gaussian 
s t a t i s t i c s  f o r  t h e  random f i e l d .  The ob jec t ive  of such a s tudy i s  a 
q u a n t i t a t i v e  assessment of what may be t h e o r e t i c a l l y  expected from two- 
dimensional d a t a  processing and, i n  p a r t i c u l a r ,  what improvement over 
one-dimensional processing can be obtained under i d e a l i z e d  condi t ions .  
d. Encoding of V i s u a l  Data 
A source encoding method f o r  da t a  sources  encountered i n  p a r t i c l e  
counting experiments has been developed i n  t h e  p a s t  two yea r s  and i s  
descr ibed  i n  a t echn ica l  repor t .  This method i s  q u i t e  e f f i c i e n t  on 
a time s e r i e s  t h a t  e x h i b i t s  r a the r  abrupt  f l u c t u a t i o n s  i n  the  time i n t e r v a l s  
between r i s e s  and f a l l s .  This behavior seems a l s o  t o  cha rac t z r i zc  t h e  
i n t e n s i t y  v a r i a t i o n s  i n  a l i n e  scan of t he  v i sua l  da t a  gathered i n  space.  
With the  a v a i l a b i l i t y  of t he  equipment f o r  v i s u a l  d i sp lay  descr ibed 
i n  3-h, it lxxcomes a t t r a c t i v e  t o  i n v e s t i g a t e  the  perforrnancc of sucn  
an encodinq algorithm on v i sua l  d a t a  scanned l i n e  by l i n e .  Ey a rv lv ing  
this source code t o  v i s u a l  data and by assessincj i t s  ucrformance 
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s u b j e c t i v e l y ,  w e  are at tempting t o  capi ta l ize  on our  previous work by 
applying it t o  a new area. The code is  expected t o  have m e r i t  f o r  t h i s  
new type  of data source; f u r t h e r ,  a be t te r  apprec ia t ion  of t h e  requirements 
of a d i s t o r t i o n  measure applicable t o  v i s u a l  d a t a  should r e s u l t  from 
t h i s  work. 
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